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The transfer of lipid-linked oligosaccharide to asparagine residues of polypeptide chains is catalyzed by oligosaccharyl-
transferase (OTase). In most eukaryotes, OTase is a hetero-oligomeric complex composed of eight different proteins, in
which the STT3 component is believed to be the catalytic subunit. In the parasitic protozoa Leishmania major, four STT3
paralogues, but no homologues to the other OTase components seem to be encoded in the genome. We expressed each of
the four L. major STT3 proteins individually in Saccharomyces cerevisiae and found that three of them, LmSTT3A,
LmSTT3B, and LmSTT3D, were able to complement a deletion of the yeast STT3 locus. Furthermore, LmSTT3D
expression suppressed the lethal phenotype of single and double deletions in genes encoding other essential OTase
subunits. LmSTT3 proteins did not incorporate into the yeast OTase complex but formed a homodimeric enzyme, capable
of replacing the endogenous, multimeric enzyme of the yeast cell. Therefore, these protozoan OTases resemble the
prokaryotic enzymes with respect to their architecture, but they used substrates typical for eukaryotic cells: N-X-S/T
sequons in proteins and dolicholpyrophosphate-linked high mannose oligosaccharides.
INTRODUCTION
Asparagine (N)-linked glycosylation is a highly conserved
protein modification in eukaryotic cells. It is initiated at the
membrane of the endoplasmic reticulum (ER), in which the
oligosaccharide Glc3Man9GlcNAc2 is assembled on the lipid
carrier dolichol pyrophosphate and then transferred to
asparagine side chains in certain glycosylation sequons
(N-X-S/T; XP) in substrate proteins (Tanner and Lehle, 1987;
Gavel and von Heijne, 1990; Cummings, 1992; Herscovics
and Orlean, 1993; Burda and Aebi, 1999). The transfer of the
oligosaccharide is catalyzed by the oligosaccharyltransferase
(OTase) complex in the lumen of the ER. OTase of animals,
plants, and fungi is a hetero-oligomeric protein complex. In
the well-studied model organism S. cerevisiae, it consists of at
least eight different subunits: Ost1p, Ost2p, Wbp1, Stt3p,
Swp1p, Ost4p, Ost5p, and Ost3p/Ost6p (Silberstein and
Gilmore, 1996; Knauer and Lehle, 1999; Dempski and Impe-
riali, 2002; Yan and Lennarz, 2005; Kelleher and Gilmore,
2006; Weerapana and Imperiali, 2006). Recent findings pro-
vided evidence that STT3 protein is the catalytic subunit of
this enzyme (Yan and Lennarz, 2002; Kelleher et al., 2003;
Nilsson et al., 2003). The most direct support for this hypoth-
esis is the observation that a prokaryotic homologue of yeast
Stt3p is an active oligosaccharyltransferase in the absence of
any other accessory proteins (Wacker et al., 2002; Kowarik
et al., 2006a). Proteins homologous to yeast Stt3p are encoded
in almost all eukaryotic genomes (Kelleher and Gilmore,
2006), but based on comparative genome analysis, it has
been suggested that OTase composition became increasing
complex during the evolutionary divergence of eukaryotes.
Single subunit OTases seem to be present in Giardia and
kinetoplastids, whereas four subunit OTases consisting of
STT3, OST1, OST2, and WBP1 homologues are found in
diplomonads, entamoebas, and apicomplexan species. Ad-
ditionally, multiple forms of the putative STT3 proteins can
be encoded in trypanosomatid genomes: three STT3 homo-
logues are found in Trypanosoma brucei and four in Leishma-
nia major (McConville et al., 2002; Berriman et al., 2005; Ivens
et al., 2005; Samuelson et al., 2005; Kelleher and Gilmore,
2006). Based on this phylogenetic analysis, it can be pro-
posed that the simplest eukaryotic OTase is a single sub-
unit STT3 protein, similar to the situation found in bacte-
rial N-glycosylation systems. In this report, we addressed
this hypothesis and studied the function of L. major OTase
in yeast.
In trypanosomatid parasites, N-linked glycosylation
principally follows the pathway described for fungal or
animal cells, but with different oligosaccharide structures
transferred to protein (Parodi, 1993; McConville et al.,
2002). It has been shown that, depending on the species,
either Man6GlcNAc2 or Man7GlcNAc2 is the largest gly-
can transferred to protein in the genus Leishmania (Parodi,
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1993). Indeed, L. major lacks the ER lumenal mannosyltrans-
ferase gene ALG12 and all ER lumenal glucosyltransferase
genes: ALG6, ALG8, and ALG10 (Samuelson et al., 2005). From
this genetic information, it may be inferred that Man7GlcNAc2 is
transferred in L. major. Unlike the yeast and mammalian OTase
that preferably use Glc3Man9GlcNAc2, the trypanosome OTase
is not selective and transfers different lipid-linked oligosaccha-
rides (LLO) at the same rate (Bosch et al., 1988).
Heterologous expression of single subunit OTase has been
used to address the function of this enzyme in vivo. When
expressed in Escherichia coli in combination with the biosyn-
thetic pathway of oligosaccharide assembly, PglB, the
Campylobacter jejuni OTase, mediates N-glycosylation of de-
fined proteins in the heterologous host (Wacker et al., 2002).
Similarly, expression of the Toxoplasma gondii or Trypanosoma
cruzi STT3 protein in the yeast Saccharomyces cerevisiae can
complement the lethal phenotype of an stt3 deletion (Shams-
Eldin et al., 2005; Castro et al., 2006). Evidence was presented
indicating that the T. cruzi STT3 protein integrates into the
yeast OTase complex. These results support the functional
equivalence of the protozoan and yeast STT3 proteins.
In the present study, we have expressed the Leishmania major
(Lm) STT3 paralogues LmSTT3A, LmSTT3B, LmSTT3C, or
LmSTT3D individually in S. cerevisiae and found that three
complemented the yeast stt3 deletion. In addition, LmSTT3D
expression suppressed deletions of other essential OTase sub-
units (Wbp1p, Ost1p, Ost2p, and Swp1p). We showed that the
L. major STT3 paralogues were active enzymes that did not
incorporate into the yeast OTase complex, but instead formed
dimers. These enzymes have different specificities with respect
to the peptides and the LLO substrate.
MATERIALS AND METHODS
Plasmid Constructs
The open reading frames encoded in the L. major genome LmgF35.1130
(LmSTT3A), LmgF35.1140 (LmSTT3B), LmgF35.1150 (LmSTT3C), and LmgF35.1160
(LmSTT3D) were cloned in a pRS425_GPD yeast expression vector with a
C-terminal fusion of a triple hemagglutinin (HA)-tag (Knop et al., 1999)
followed by 12 additional vector-derived amino acids (KLIDTVDLESCN).
The resulting plasmids were called pLmSTT3A, pLmSTT3B, pLmSTT3C, and
pLmSTT3D.
Cloning was performed by two overlapping polymerase chain reaction
(PCR) fragments and homologous recombination in yeast (Oldenburg et al.,
1997). The first PCR fragment was obtained using the genomic DNA of L.
major as a template, and primers LmSTT3_for and LmSTT3_rev (Supplemen-
tal Table 1). The second PCR fragment was obtained using plasmid pYM2 as
a template (which contains a triple HA-tag) and primers LmSTT3_HA and
CYC1_HA (Supplemental Table 1). Both PCR fragments contained 50 base
pairs of overlap to the vector sequence. Integration of the PCR fragments into
the HindIII-PstI linearized expression vector was achieved by homologous
recombination in W303 yeast strain during transformation. Transformants
were selected on synthetic minimal medium (SD; Guthrie and Fink, 1991;
Sherman, 2002) lacking leucine (SD-Leu), and recombined plasmids were
isolated from the yeast cells.
For the plasmid shuffle technique, pSTT3, a YEp352-derived high copy number
plasmid containing the yeast STT3 locus (Zufferey et al., 1995), was used.
Yeast Strains and Media
Media. Standard yeast media and genetic techniques were used (Guthrie and
Fink, 1991). For selection of ura cells, media containing 100 g/ml 5-fluo-
roorotic acid (5-FOA; Boeke et al., 1987) and 1 M sorbitol were used.
Strains. The strains used in this study are detailed in Supplemental Table 2.
YBS10 and YBS11 strains were generated by introducing the pSTT3 plasmid
in the heterozygous STT3 diploid strain Y24390 (Euroscarf, Frankfurt,
Germany; Supplemental Table 2). Sporulation of these cells was induced, and
after tetrad dissection, haploid strains harboring the complementing plasmid
and the stt3 deletion were identified. Strains YBS10 and YBS11 were chosen
for further analysis. These strains were individually transformed with all four
pLmSTT3 plasmids, and transformants were selected on synthetic minimal
medium lacking leucine and uracil (SD-Leu-Ura) plates. Individual transfor-
mants were then plated on 5-FOA–containing media selecting for cells that
had lost the STT3-containing URA3 plasmid.
To generate haploid strains with genomic deletions of other essential
OTase subunits, diploid strains heterozygous for genes encoding essential
subunits were purchased (Euroscarf): Y20242 (WBP1), Y26770 (OST1),
Y22359 (OST2), and Y20730 (SWP1). These strains were transformed with
pLmSTT3D; sporulation was induced and tetrads were dissected on YPD
plates containing 1 M sorbitol. Haploid strains harboring the plasmid and
the deletion in the OTase loci were identified based on the resistance
toward G418. Haploid double mutant strains were generated by crossing
individual single mutant strains, after inducing sporulation in these cells
spore tetrads were dissected on YPD/1 M sorbitol plates. Haploid spores
harboring the plasmid and the two deletions were identified on G418-
containing media in nonparental ditype tetrads. For both single and dou-
ble mutant strains, the absence of the specific S. cerevisiae genes was
confirmed by PCR and the absence of the corresponding protein was
verified by immunoblot analysis by using specific antisera.
Whole Cell Protein Extract and Immunological Methods
Cells were grown in synthetic minimal medium lacking leucine (SD-Leu)
at permissive temperature to mid-log phase, corresponding to an OD600 nm
of 1. Cells from 5-ml cultures were harvested by centrifugation, and cell
pellets were resuspended in 0.2 ml of reducing sample buffer (0.0625 M
Tris-HCl, pH 6.8, 2% SDS [vol/wt], 5% -mercaptoethanol [vol/vol], 10%
glycerol [vol/vol], and 0.01% bromphenol blue [wt/vol]), supplemented
with 1 mM phenylmethylsulfonyl fluoride [PMSF] and 1 protease inhib-
itor complete cocktail used as was recommended by the supplier (PIC;
Complete EDTA-free protease inhibitor cocktail; Roche Diagnostics,
Mannheim, Germany). Incubation was done for 5 min at 95°C. For the
analysis of membrane proteins, cells from 5-ml cultures were harvested
and resuspended in 0.2 ml of reducing sample buffer supplemented with
7 M urea, 1 mM PMSF, and PIC and incubated for 20 min at 40°C.
Ten microliters of protein extracts was used for SDS-polyacrylamide gel
electrophoresis (PAGE) (La¨mmli, 1970), electroblotted to nitrocellulose
membranes, and probed with anti-carboxypeptidase Y (CPY) (Burda et al.,
1996b) and anti-HA antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) at
a dilution of 1:1000, and goat anti-rabbit immunoglobulin G-horseradish
peroxidase (Santa Cruz Biotechnology) was used as a secondary antibody at
a dilution of 1:3000. Visualization was done by chemiluminescence detection
(ECL; GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom).
Preparation of Membrane Extracts
Yeast strains were grown in synthetic minimal medium lacking leucine
(SD-Leu) to mid-log phase at 30°C to an OD600 nm of 1. Cells from 800 ml
were harvested and washed once in 50 ml of 50 mM Tris-HCl, pH 7.5, 1
mM MgCl2, and 1 mM MnCl2. The cells were resuspended in the same
buffer supplemented with 1 mM dithiothreitol (DTT), 1 mM PMSF, and 1
PIC, and they were lysed with acid washed glass beads by 2  4-min pulse
of the bead beater with 1 min of pause between the pulses at 4°C. Intact
cells, cell debris, and nuclei were removed by centrifugation for 5 min at
1000  g. To obtain the membrane pellet, the supernatant was then
centrifuged twice for 30 min at 50,000  g at 4°C. The supernatant was
removed, and the pellet was resuspended and homogenized in 800 l of
storage buffer (50 mM Tris-HCl, pH 7.5, 1 mM MgCl2, 1 mM MnCl2, 35%
glycerol, 1 mM DTT, 1 mM PMSF, and PIC). Extracts were aliquoted,
frozen in liquid nitrogen, and stored at 80°C.
Solubilization of Membrane Proteins
To 100 l of membrane suspension, we added 300 l of 50 mM Tris-HCl, pH
7.4, 0.2 M mannitol, 0.1 M NaCl, 1 mM MgCl2, 1 mM CaCl2, 1 mM MnCl2, 1
mM DTT, 1 mM PMSF, and PIC. DNA was digested with 0.2 mg/ml DNAse
I (3000 U/mg; Fluka, Buchs, Switzerland) for 45 min at 25°C. Membrane
proteins were solubilized with 1.5% digitonin in the presence of 750 mM
6-aminocaproic acid for 45 min at 4°C with agitation. Insoluble material was
removed by centrifugation for 30 min at 100,000  g at 4°C. Samples were
frozen in liquid nitrogen and stored at 80°C.
Blue Native PAGE
Blue native electrophoresis was carried out in the Protean II cell from
Bio-Rad (Hercules, CA), with gel dimensions 20  15  0.1 cm. The gels
consisted of a separating gel with a 5–9% acrylamide gradient and a
stacking gel (4% acrylamide). Buffers and gel compositions were as de-
scribed previously (Spirig et al., 2005). Protein concentration of the solu-
bilized membrane protein samples was adjusted to 1 g/l with TM buffer
(50 mM Tris-HCl, pH 7.4, 0.2 M mannitol, 0.1 M NaCl, 1 mM MgCl2, 1 mM
CaCl2, and 1 mM MnCl2), supplemented with 10% glycerol, 750 mM
6-aminocaproic acid, 1.5% digitonin, 1 mM DTT, 1 mM PMSF, and PIC.
Sample buffer consisting of 100 mM Tris-HCl, pH 7.5, 500 mM 6-aminoca-
proic acid, and 5% Serva blue G was added to 15% of the final volume,
gently mixed, and the samples were loaded on the gel. For protein size
marker, a mixture of 50 l of albumin (1 mg/ml), 5 l of ferritin (25
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mg/ml), and 5 l of thyroglobulin (35 mg/ml) was used. The electrophore-
sis was carried out at 4°C with the current limited to 10 mA for 24 h. After
six running hours, the cathode buffer (50 mM Tricine, 15 mM Tris-HCl, and
0.02% Serva blue G; pH 7.5; 4°C) was removed, and the electrophoresis was
continued with a cathode buffer without Serva blue G (50 mM Tricine and 15 mM
Tris-HCl; pH 7.5; 4°C). After electrophoresis, the gels were soaked in transfer
buffer (25 mM Tris-base, 200 mM glycine, 0.1% SDS, and 20% methanol), and
proteins were transferred onto polyvinylidene difluoride (PVDF) mem-
brane by using a semidry blotter. Removal of Coomassie dye from the
PVDF membrane was achieved by soaking the blots for 3  15 min in 50%
methanol, 10% acetic acid and subsequent washing in 90% methanol and
finally in phosphate-buffered saline (136 mM NaCl, 2.7 mM KCl, 8 mM
Na2HPO4, 1.5 mM KH2PO4, and 0.1% Tween 20 [vol/vol]). Blots were dried
and incubated with appropriate antisera against Wbp1p (te Heesen et al., 1991, 1992),
Swp1p (te Heesen et al., 1993), Stt3p (Spirig et al., 2005), and Sec61p (provided by T.
Rapoport, Harvard Medical School).
Cell Wall Protein Sample Preparation
and Mass Spectrometry
Proteins covalently linked to the cell wall polysaccharide matrix were pre-
pared from yeast cells, detected with liquid chromatography-electrospray
ionization-tandem mass spectrometry, and the relative glycosylation occu-
pancy of their N-glycosylation sites were determined as described previously
(Schulz and Aebi, unpublished data). Peptides containing N-glycosylation
sequons identified by mass spectrometry found in this study are listed in
Supplemental Table 3.
RESULTS
Heterologous Expression of L. major STT3 Proteins
Complements stt3 Mutations in S. cerevisiae
In the genome of L.major, four STT3 paralogues are encoded by
adjacent loci: LmSTT3A, LmSTT3B, LmSTT3C, and LmSTT3D.
The four STT3 paralogues of L. major have a high sequence
identity (Figure 1).
In this study, we expressed the four LmSTT3 proteins in-
cluding C-terminal fusion of a triple HA-tag followed by 12
additional vector-derived amino acids from a high copy num-
ber yeast plasmid, by using the yeast GPD promoter to drive
heterologous gene expression. All four heterologous proteins
were expressed at comparable levels as judged by immunoblot
analysis of yeast cell extracts by using HA-specific antiserum
(data not shown; but see below). We tested the ability of the
four L. major proteins to suppress the temperature-sensitive
phenotype of the stt3-7 allele in strain YG543 (Spirig et al., 1997).
Indeed, expression of LmSTT3A, LmSTT3B, and LmSTT3D but
not of LmSTT3C suppressed the temperature-sensitive phenotype
(Figure 2A). We concluded that the LmSTT3 proteins conferred
different OTase activity.
We then asked whether expressing LmSTT3 proteins res-
cued the lethal phenotype ofstt3 mutant cells as was reported
for the T. cruzi STT3 protein. Strains YBS10 and YBS11 that
contain a deletion of the STT3locus but harbor a plasmid car-
rying both the URA3 and the STT3 locus (relevant genotype
ura3-52 stt3::kanMX4 pURA3/STT3; see Materials and
Methods) were transformed with a plasmid expressing one of
the four LmSTT3 proteins. The plasmid shuffle technique
was used by selecting for cells growing on 5-FOA–contain-
ing plates and therefore lacking the pURA3/STT3 plasmid.
5-FOA–resistant cells were recovered from strains express-
ing LmSTT3A, LmSTT3B, or LmSTT3D, but not from cells
expressing LmSTT3C or the empty vector controls. The ab-
sence of the endogenous STT3 locus in these cells was con-
firmed by polymerase chain reaction (PCR) analysis using
primers specific for the yeast STT3 locus and immunoblot
analysis using anti-Stt3p antiserum (Figure 2). Although the
expression level of the LmSTT3 proteins was similar, their
complementation efficiencies as judged by growth rate were
different, with LmSTT3D being the highest, LmSTT3B inter-
mediate, and LmSTT3A the lowest (Figure 2B).
We concluded that three of the four LmSTT3 proteins
were able to partially replace the function of endogenous
yeast Stt3p.
Deletions of the Essential, Non-STT3 OTase Subunits Are
Suppressed by Expressing LmSTT3D
The functional replacement of the yeast Stt3p by LmSTT3
proteins was explained by either an integration of the Lm-
STT3 proteins into the yeast OTase complex, as was reported
for the T. cruzi STT3 (Castro et al., 2006), or by a complete
OTase functionality of the LmSTT3 proteins not requiring
other yeast OTase components. The latter hypothesis was
addressed directly by testing the ability of the LmSTT3D
protein to suppress the lethal phenotype of deletions in loci
encoding other essential subunits of the OTase.
Plasmid encoded LmSTT3D was expressed in diploid yeast
strains heterozygous for a deletion in one of the essential loci
WBP1, OST1, OST2, or SWP1. Sporulation was induced, spore
tetrads were dissected and the resulting strains were analyzed.
Haploid progeny carrying a deletion in the essential OTase
subunit loci were recovered and characterized genetically. PCR
and immunoblot experiments using sera directed against the
different OTase subunits confirmed the absence of the essential
OTase loci in these strains (data not shown; see below).
Interestingly, LmSTT3D expression rescued individual
deletions of all essential OTase subunits (Stt3p, Ost1p,
Wbp1p, Swp1p, and Ost2p). The growth rate of the yeast
strains bearing LmSTT3D with a deletion in one of the
essential OTase subunits was independent of the missing
subunit: all strains grew at a similar rate slightly slower than
wild-type cells (Figure 3A). To extend this analysis, we
generated haploid yeast strains harboring deletions of two
essential OTase loci (stt3wbp1 and ost1ost2) but con-
taining the LmSTT3D expression plasmid. The growth rate
of these double mutant strains was again similar to that of
the single mutants, and no temperature-sensitive phenotype
was observed (Figure 3B).
This genetic analysis suggested that the LmSTT3D protein
was able to act in yeast as an OTase that did not require
endogenous components of the yeast OTase for activity.
L. major STT3 Proteins Were Not Incorporated into the
Yeast OTase Complex
We addressed OTase composition in LmSTT3-expressing
cells by blue native gel electrophoresis. This is a powerful
technique to resolve membrane protein complexes by gel
electrophoresis (Scha¨gger and von Jagow, 1991), and we
have previously used it to analyze the OTase complex in
mutant yeast cells (Spirig et al., 2005).
We first analyzed wild type and stt3 strains expressing
HA-tagged LmSTT3A, LmSTT3B, and LmSTT3D. Mem-
brane proteins were solubilized with either 1.5% digitonin or
1.5% SDS, and separated by blue native gel electrophoresis
using a 5–9% polyacrylamide gradient gel. Expression of
HA-tagged LmSTT3 proteins was visualized by anti-HA
antiserum. In nondenaturing conditions (1.5% digitonin),
LmSTT3 proteins migrated at a position corresponding to a
molecular mass of 160 kDa, compatible with the mass of a
dimer. For LmSTT3A, slower moving protein resulting in a
smear at higher molecular weight was also detected (Figure
4A, lane 1). The potential LmSTT3 complexes were dis-
rupted in samples solubilized with SDS.
We analyzed the same extracts for the presence of yeast
OTase complex (Figure 4B). In wild-type cells, sera directed
against Wbp1p and Swp1p, respectively, detected the com-
plete OTase complex migrating at a position equivalent to
550 kDa (Figure 4B, lanes 7 and 15; Spirig et al., 2005).
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Importantly, complete OTase complex was absent in stt3
cells, instead, we detected a subcomplex, previously termed
complex IV (Spirig, 1999) that contains Wbp1p, Swp1p, and
Ost2p (Figure 4B, lanes 4–6 and 12–14).
The mobility of the LmSTT3 proteins in blue native gel
electrophoresis was in the same range as observed for
Wbp1p and Swp1p in mutant cells, raising the possibility
that the LmSTT3 proteins formed a complex with these
endogenous OTase components. To address this issue, we
analyzed OTase complex in yeast strains lacking these es-
sential OTase subunits but expressing LmSTT3D. The mo-
bility of the LmSTT3D complex was not influenced by the
absence of different OTase components. In all cases tested
we observed the same complex (Figure 5A, lanes 1– 4).
However, complex formation of the endogenous compo-
nents was drastically affected by the absence of the dif-
ferent OTase subunits, as exemplified by the analysis of
Wbp1p containing complexes (Figure 5B). Normal OTase
complex was not observed in these deletion strains. Com-
plex IV was detected in cells lacking Ost1p (Figure 5B,
lane 8), but not in cells lacking Ost2p (Figure 5B, lanes 9 and
10). In the latter case, Wbp1p seemed to be degraded, be-
cause it was absent in SDS treated membranes (Figure 5B,
lanes 9 and 10). As expected, Wbp1p was absent in wbp1
cells (Figure 5B, lane7).
These results confirmed our genetic data indicating that
LmSTT3 proteins did not incorporate into the yeast OTase
complex or subcomplexes. Most likely, the LmSTT3A, LmSTT3B,
and LmSTT3D proteins formed active OTase in the heterolo-
gous host without the need of yeast OTase components.
Figure 1. Sequence alignment of the four L.
major STT3 paralogues LmSTT3A, LmSTT3B,
LmSTT3C, and LmSTT3D. Identical amino
acid residues conserved in all four proteins
are shown in white letters on dark back-
ground, identical amino acid residues con-
served in two or three proteins are shown in
black letters on gray background, and similar
residues are shown in dark gray on gray back-
ground. Alignment was calculated with Mul-
talin (Corpet, 1988) by using Blosum62-12-2
alignment parameters.
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Glycosylation Efficiency in stt3 Yeast Strains Expressing
L. major STT3 Proteins
Our novel experimental system allowed us to study the
function of the protozoan OTase in a genetically tractable,
well defined heterologous system. We first tested the N-
glycosylation of the model protein CPY, a vacuolar protease
that contains four N-linked glycans. Hypoglycosylation of
CPY can be monitored by the analysis of the mobility in
SDS-PAGE. Glycoforms lacking one to four N-linked gly-
cans migrate faster and are visualized as distinct bands after
immunological detection of the protein (te Heesen et al.,
1992). CPY showed hypoglycosylation in stt3 mutant strain
complemented by LmSTT3A and LmSTT3B (Figure 6, lanes
1 and 2), whereas LmSTT3D restored CPY glycosylation to
almost wild-type levels (Figure 6, lanes 3, 10, and 11). Sim-
ilarly, expressing LmSTT3D rescued CPY glycosylation in
strains lacking the other essential OTase subunits Wbp1p,
Ost1p, Ost2p, and Swp1p, as well as in stt3wbp1 and
ost1ost2 double mutant strains (Figure 6, lanes 4–9).
To obtain quantitative data for the glycosylation efficiency of
LmSTT3 proteins in yeast and to detect potential alterations in
protein substrate recognition, we applied a quantitative glyco-
proteomic approach. Proteins covalently linked to the yeast cell
wall matrix were isolated and digested with Endoglycosidase
H (EndoH), leaving a single N-acetylglucosamine (GlcNAc)
residue covalently linked to the modified N-glycosylation sites.
After digestion with specific proteases and mass spectrometric
analysis, site occupancy at different sites was determined by
comparing the levels of modified (GlcNAc-containing) and
unmodified peptides (Schulz and Aebi, unpublished data).
Figure 2. Complementation of mutations in OTase loci by expres-
sion of LmSTT3 proteins. Serial dilutions of the haploid yeast strains
carrying the stt3-7 allele (A) or a deletion of the STT3 locus (B) and
expressing LmSTT3 proteins (indicated at the left) were spotted.
Plates were incubated at 30°C. Strains: YG543 (stt3-7), YG2052 (stt3
LmSTT3A), YG2054 (stt3 LmSTT3B), and YG2058 (stt3 LmSTT3D).
(C) Analysis of yeast Stt3p expression in stt3 strains expressing
LmSTT3A (A), LmSTT3B (B), and LmSTT3D (D); strains used were
YG2052 (stt3 LmSTT3A), YG2054 (stt3 LmSTT3B), and YG2058
(stt3 LmSTT3D). Wild-type (wt; BY4741) served as a control. Protein
extracts of the strains indicated were separated by SDS-PAGE, trans-
ferred to nitrocellulose membrane, and probed with anti-Stt3p anti-
serum (top). The membrane was stripped and reprobed with anti-
Sec61p antiserum to control protein loading (bottom).
Figure 3. Suppression of deletions in essential OTase loci by expres-
sion of LmSTT3 proteins. Serial dilutions of the haploid yeast strains
carrying deletions in different OTase subunits encoding loci (given at
the left) containing the LmSTT3D-expressing plasmid were spotted,
and plates were incubated. Wild-type cells (BY4741) carrying LmSTT3D-
expressing plasmid or the empty vector served as controls. Strains spotted:
stt3 (YG2057), Dwbp1 (YG2072), ost1 (YG2073), ost2 (YG2075), swp1
(YG2080), stt3wbp1 (YG2084), and ost1ost2 (YG2099).
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As reported previously, wild-type cells glycosylate a ma-
jority of potential acceptor sites that can be analyzed (Table
1), and the efficiency of glycosylation at these sites was not
altered by the introduction of the additional functionality,
the heterologous L. major OTase (LmOTase) in wild-type
cells (Table 1). However, we observed partial hypoglycosy-
lation at specific sites in strains lacking the yeast Stt3p. The
site specific level of glycosylation was dependent on the
specific LmSTT3 isoform expressed (Table 1). In accordance
with the growth phenotypes (Figure 2B), the most severe
hypoglycosylation was observed in the LmSTT3A-express-
ing strain, whereas almost wild-type level of glycosylation
was measured in LmSTT3D cells. We determined the glyco-
sylation efficiency of strains carrying deletions of different
OTase loci (Supplemental Table 4). Our quantitative data re-
vealed that N-glycosylation by LmSTT3D was independent of
the presence of yeast OTase components, because the same
sites were incompletely glycosylated in these various strains.
Our analytical method allowed us to compare the gly-
cosylation efficiency of different sites located in the same
protein. We observed that it was the individual site rather
than the glycoprotein that determined the affinity toward
the individual oligosaccharyltransferase (Figure 7).
Additionally, our analysis showed that LmSTT3D expres-
sion not only rescued OTase deficiencies but also increased
glycosylation of the SAG1_79 site that was partially glycosy-
lated by yeast OTase (Table 1 and Supplemental Table 4).
Although there was a strong overexpression of the LmSTT3
proteins, we can conclude that the affinity of three LmOTase
toward different acceptor sites differed from the endogenous
yeast OTase. This differential site-specific glycosylation was
independent of the remaining OTase subunits of the host cell
but was affected by the particular LmSTT3 isoform expressed.
This suggested that the various LmOTases have different pro-
tein substrate affinities when expressed in yeast.
Glycan Specificity of the L. major OTase
The N-glycosylation pathways in kinetoplastids differ from
those in higher eukaryotes with respect to the glycan
structures that are transferred to protein substrates. Ge-
netic information suggests that in L. major the lipid-linked
Man7GlcNAc2 oligosaccharide is the mature substrate for
Figure 4. Complex formations of LmSTT3 proteins, Wbp1p, and Swp1p in stt3 cells. stt3 mutant strains expressing HA-tagged LmSTT3A,
LmSTT3B, or LmSTT3D (lanes 1, 2, and 3, respectively) and wild-type strains harboring empty vector (lane 4) were grown, membrane
fractions were prepared and solubilized with 1.5% digitonin or 1.5% SDS. Solubilized proteins were separated by blue native gel
electrophoresis using a 5–9% polyacrylamide gradient gel and transferred to PVDF membranes. Anti-HA antiserum (A), anti-Wbp1 (left), and
Anti-Swp1 (right) antisera (B) were used for protein detection. OTase complex I and IV (see text), respectively, in wild-type and stt3 strains
expressing LmSTT3A/B/D were detected. Strains: wild-type strain (BY4742) with empty vector, stt3 strains expressing LmSTT3A (YG2052),
LmSTT3B (YG2054), or LmSTT3D (YG2058). Molecular mass of size marker is indicated at the left.
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OTase (Parodi, 1993; McConville et al., 2002; Ivens et al.,
2005; Samuelson et al., 2005). Our experimental system
offered the opportunity to modify the LLO assembly
pathway to evaluate the substrate preferences of LmO-
Tase in vivo.
We tested whether the expression of LmOTases in various
alg mutant strains improved the glycosylation efficiency of
the model protein CPY. Due to the preference of the yeast
OTase for the mature Glc3Man9GlcNAc2 lipid-linked glycan,
hypoglycosylation was observed in strains deficient in spe-
cific steps of LLO biosynthesis. alg3, alg9, and alg12
mutations result in the biosynthesis of defined, incomplete
LLO substrates (Man5GlcNAc2 in alg3, Man6GlcNAc2 in
alg9, and Man7GlcNAc2 in alg12 cells) and subsequent
hypoglycosylation (Huffaker and Robbins, 1983; Burda et al.,
1996a; Burda et al., 1999). Expression of LmSTT3A and
LmSTT3B did not improve the glycosylation of CPY in
strains with alg3 or alg9 deficiency, whereas LmSTT3D ex-
pression significantly increased the steady state-level of CPY
glycosylation (Figure 8A, lanes 3 and lane 7). Because these
experiments were performed in strains with fully active
yeast OTase, the increased glycosylation observed with ex-
pression of LmSTT3D was a dominant gain-of-function phe-
notype and suggested that this OTase isoform had different
or relaxed glycan substrate specificity.
We evaluated the substrate specificity of LmSTT3D in
more detail in alg12 mutant cells assembling lipid-linked
Man7GlcNAc2 oligosaccharide (Burda et al., 1999), the pre-
dicted product of LLO biosynthesis in L. major cells. As was
the case for alg3 and alg9 cells, expression of LmSTT3D
improved the glycosylation of CPY, independently of the
presence or absence of the endogenous OTase (Figure 8B,
lanes 3, 4, and 6). In addition, LmSTT3D-dependent CPY
glycosylation was not affected by the structure of LLO sub-
strates: the glycosylation efficiency was very similar in
alg12 and ALG12 cells expressing LmSTT3D (Figure 8B,
lanes 5 and 6). However, in wild-type cells, complete oligo-
saccharide was predominantly transferred, as visualized by
the ALG12-dependent mobility shift of glycosylated CPY in
SDS-PAGE (Figure 8B, lanes 5 and 6).
Figure 5. Complex formations of LmSTT3D protein and Wbp1p in yeast strains with different deletions in OTase-subunit encoding
loci. wbp1, ost1, ost2, and ost1ost2 mutant and wild-type strains expressing HA-tagged LmSTT3D (lanes 1, 2, 3, 4, and 6,
respectively), wild-type strains harboring empty vector (lane 5) were grown, and membrane fractions were prepared and solubilized
with 1.5% SDS or 1.5% digitonin. Solubilized membrane proteins were separated by blue native gel electrophoresis by using a 5–9%
polyacrylamide gradient gel and transferred to PVDF membrane. Anti-HA antiserum (A) and anti-Wbp1 antiserum (B) were used for
protein detection. Strains used: wild-type strain (BY4742) with empty vector or LmSTT3D-expressing plasmid, and strains expressing
LmSTT3D including Dwbp1 (YG2072), ost1 (YG2073), ost2 (YG2075), and ost1ost2 (YG2099). Molecular mass of size marker is
indicated at the left.
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Together, these results suggested that biosynthetic interme-
diates as well as the complete Glc3Man9GlcNAc2 oligosaccha-
ride were transferred efficiently to protein by the LmSTT3D
OTase isoform without any apparent substrate specificity.
DISCUSSION
LmSTT3D Acts Independently of Endogenous OTase
Subunits in Yeast
Heterologous expression of STT3 proteins from protozoan
organisms in yeast revealed the functional equivalence of
these proteins to the endogenous Stt3p. Although the
molecular basis for the complementation of stt3 mutation
by the expression of the T. gondii STT3 protein was not
analyzed in detail (Shams-Eldin et al., 2005), Castro et al.
(2006) showed that the T. cruzi STT3 protein most likely
replaced the yeast Stt3p in the complex. Our analysis
revealed that such integration into the complex was not
observed for the LmSTT3 proteins when expressed in
yeast.
Three of the four LmSTT3 proteins were able to suppress
the lethal phenotype of a stt3 mutation, but they were not
a part of the yeast OTase, as revealed by blue native gel
electrophoresis and by the ability of LmSTT3D to suppress
Figure 6. Glycosylation of CPY in yeast
strains lacking essential OTase subunits.
Yeast strains with deletions in the OTase-
subunit encoding loci indicated and ex-
pressing LmSTT3A (lane1), LmSTT3B
(lane 2), LmSTT3D (lanes 3–10), or con-
taining the vector DNA (lane 11) were
grown to mid-log phase, total protein
extracts were prepared, and proteins
were separated by SDS-PAGE. After
transferring to nitrocellulose mem-
branes CPY protein was detected by
immunoblotting using anti-CPY anti-
serum. Molecular mass of size marker
is indicated at the left. Strains used:
wild-type strain (BY4742) with empty
vector or LmSTT3D-expressing plas-
mid, stt3 strains expressing LmSTT3A
(YG2052), LmSTT3B (YG2054), and
mutant strains expressing LmSTT3D
were stt3 (YG2057), Dwbp1 (YG2072),
stt3wbp1 (YG2084), ost1 (YG2073),
ost2 (YG2075), ost1ost2 (YG2099), and swp1 (YG2080).
Table 1. Relative glycosylation site occupancy in different yeast strains
Peptide WT  vec stt3  A stt3  B stt3  D
CRH2_28 1.00 0.00 1.00  0.00 0.57  0.03 1.00  0.00
CRH2_96 1.00 0.00 0.82  0.03 0.94  0.06 0.99  0.02
CRH2_233 1.00 0.00 0.58  0.08 0.80  0.20 0.96  0.04
CRH2_310 1.00 0.00 0.28  0.04 0.10  0.02 1.00  0.00
ECM33_57 1.00 0.00 1.00  0.00 0.97  0.03 1.00  0.00
ECM33_83 1.00 0.00 1.00  0.00 1.00  0.00 1.00  0.00
ECM33_197 1.00 0.00 0.96  0.04 0.86  0.14 0.70  0.01
ECM33_210 1.00 0.00 0.67  0.03 0.42  0.03 0.96  0.02
ECM33_268 1.00 0.00 0.80  0.02 0.75  0.06 1.00  0.00
ECM33_329 1.00 0.00 0.27  0.04 0.05  0.01 0.67  0.06
GAS1_40 1.00 0.00 0.93  0.07 0.77  0.39 0.98  0.02
GAS1_57 1.00 0.00 1.00  0.00 1.00  0.00 0.97  0.03
GAS1_95 1.00 0.00 1.00  0.00 0.97  0.03 1.00  0.00
GAS1_149 1.00 0.00 1.00  0.00 0.98  0.02 1.00  0.00
GAS1_253 0.99 0.01 0.99  0.02 0.98  0.02 1.00  0.00
GAS3_269 1.00 0.00 1.00  0.00 0.68  0.05 1.00  0.00
GAS3_350 1.00 0.00 0.73  0.05 0.98  0.03 1.00  0.00
GAS5_24 1.00 0.00 0.79  0.03 0.25  0.01 1.00  0.00
GAS5_60 1.00 0.00 1.00  0.00 1.00  0.00 1.00  0.00
GAS5_344 1.00 0.00 1.00  0.00 1.00  0.00 1.00  0.00
PLB2_47 1.00 0.00 1.00  0.00 1.00  0.00 1.00  0.00
PLB2_193 1.00 0.00 1.00  0.00 1.00  0.00 1.00  0.00
CRH1_177 1.00 0.00 0.95  0.04 0.83  0.09 1.00  0.00
EXG2_50 1.00 0.00 1.00  0.00 1.00  0.00 1.00  0.00
SAG1_79 0.72 0.04 nd nd 1.00 0.00
YJR1_99 1.00 0.00 1.00  0.00 0.28  0.03 1.00  0.00
CCW14_87 0.00 0.00 0.00  0.00 0.00  0.00 0.00  0.00
CWP1_45 0.00 0.00 0.01  0.01 0.01  0.00 0.00  0.00
TOS1_417 0.00 0.00 0.00  0.00 0.00  0.00 0.00  0.00
The relative occupancy of a site given at the left is shown for wild-type strain (BY4742) with empty vector, stt3 strains expressing LmSTT3A
(YG2052), LmSTT3B (YG2054), or LmSTT3D (YG2057). nd, not determined.
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the lethal phenotype of missing essential OTase subunits
such as Wbp1p, Ost1p, Swp1p, and Ost2p.
Our data were consistent with the model that the
LmOTase is composed of a single subunit, active as a dimeric
complex. We did not analyze possible heterodimer forma-
tion in L. major or in yeast, but the high sequence identity in
different regions of the LmSTT3 paralogues makes it possi-
ble that these proteins form heterodimers.
To the best of our knowledge, our data provided the first
direct experimental evidence for an active eukaryotic OTase
Figure 7. Site occupancy of glycosylation sites in two selected cell wall proteins. The relative occupancy of N-glycosylation sites was
determined in stt3 strains expressing LmSTT3A (YG2052), LmSTT3B (YG2054), or LmSTT3D (YG2057). Values are given for the sites
indicated of the proteins Ecm33p (A) and Crh2p (B) and represent the mean of three independent measurements. Standard deviations are
indicated by bars. In wild-type yeast cells, the relative occupancy of all sites is 1.
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consisting of a single subunit. Phylogenetic analysis sug-
gests that this is also the case in other trypanosomatid pro-
tozoa as no homologues of the additional yeast or mamma-
lian OTase subunits are encoded in their genomes. The
bacterial OTase from C. jejuni is also a single subunit enzyme
(Wacker et al., 2002; Kowarik et al., 2006b), but it differs from
the kinetoplastid LmSTT3D OTase with respect to LLO, and,
more importantly, protein substrate specificity. The prokary-
otic enzyme requires the “extended” acceptor sequence D/E-
X1-N-X2-S/T (Kowarik et al., 2006b), whereas the L. major en-
zymes glycosylated the “minimal” consensus N-X-S/T in yeast
and used LLO substrates typical for eukaryotic cells.
The various LmOTase isoforms displayed different pro-
tein substrate specificities at the level of individual glycosyl-
ation sequons. These data confirmed that besides the essen-
tial N-X-S/T sequon motif recognized by STT3 protein,
additional structural features of protein substrates may in-
fluence the acceptor properties of a given sequon. It is likely
that these additional features are different for each of the
LmOTase isoforms. More detailed quantitative analyses will
define the substrate specificity of the LmOTase isoforms.
Our genetic analysis revealed a relaxed specificity of the
LmSTT3D OTase with respect to LLO substrate. As reported
for the native T. cruzi enzyme, glucosylation of the LLO did
not seem to affect glycosylation efficiency (Bosch et al., 1988;
Kelleher et al., 2007). Within the limits of our experimental in
vivo system, we also did not detect a reduced transfer effi-
ciency of glycans lacking 1,2-linked mannose on the B (and C)
branch as reported for the T. cruzi enzyme (Kelleher et al., 2007).
Besides the identification and preliminary characteriza-
tion of the protozoan OTase, our experiments revealed novel
aspects of yeast OTase activity. Very surprisingly, the single
subunit protozoan enzyme could functionally replace the
yeast OTase complex. This raised questions regarding the
functional significance of the additional subunits in the yeast
enzyme. As elegantly shown by Kelleher et al. (2007), one
prominent functionality of the complex eukaryotic en-
zyme is the LLO substrate specificity that can be associ-
ated with the presence of the Swp1p–Wbp1p–Ost2p sub-
complex, the complex IV we observed in Stt3p-deficient
cells (Figure 4B, lanes 4 – 6 and 12–14). This subcomplex
possibly contains a regulatory binding site for completely
assembled LLO and acts as a modulator of the catalytic
OTase (Stt3p) subunit (Kelleher et al., 2007). However, absence
of this regulatory function does not explain the lethal pheno-
type of swp1, wbp1, or ost2 deletions because the absence of
completely assembled oligosaccharide in alg mutant cells is not
lethal for the cells.
It is possible that yeast Stt3p is not catalytically active on its
own but requires the presence of other proteins in the OTase
complex for activity. This view was supported by the experi-
mental finding that overexpression of the yeast STT3 subunit
did not improve glycosylation in a alg12 strain nor did it rescue
the lethal phenotype of a wbp1 mutation (data not shown).
Alternatively, the lethal phenotype of nonSTT3 OTase
subunits could be due to degradation of the remaining “or-
phan” OTase subunits (Figure 5B) and therefore a loss of
OTase activity. The lethal phenotype of missing noncatalytic
subunits would therefore be the consequence of complex
instability and subsequent degradation of subunits. This
hypothesis is supported by the finding that deficiencies in
the ER-associated protein degradation pathway can sup-
press stt3-7 temperature-sensitive phenotype (Jakob et al.,
2001), although deletion of essential, non-STT3 subunits are
not suppressed by these mutations.
The results reported here provide the basis for a novel ex-
perimental system that allows a more direct analysis of the
N-glycosylation process in eukaryotic cells. Similar to the func-
tional transfer of the bacterial N-glycosylation machinery from
C. jejuni to E. coli, this heterologous system makes it possible to
investigate the basic features and mechanisms of various eu-
karyotic OTases. Structure–function analysis of the single sub-
unit eukaryotic OTase isoforms is now possible, independent
of complications arising from possible interactions with the
endogenous yeast OTase complex. Vice versa, the functional
expression of the LmOTase in yeast provides novel experimen-
tal tools to study the yeast OTase complex in greater detail.
Because the lethal phenotype of subunit mutations can be
suppressed by expression of the protozoan OTase, experimen-
tal analyses of complex formation and the function of the
essential, noncatalytic OTase subunits will now be possible.
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